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ABSTRACT 

It is shown that the recently proposed preon model which provides a unified 
origin of the diverse mass scales and an explanation of family replication as well as 
of inter-family mass-hierarchy, naturally possesses a Peccei-Quinn (PQ) symme- 
try whose spontaneous breaking leads to an automatic invisible axion. Existence 
of the PQ-symmetry is simply a consequence of supersymmetry and the require- 
ment of minimality in the field-content and interactions, which proposes that the 
lagrangian should possess only those terms which are dictated by the gauge princi- 
ple and no others. In addition to the axion, the model also generates two superlight 
Goldstone bosons and their superpartners all of which are cosmologically safe. 
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1. The idea of the Peccei-Quinn (PQ) symmetry [1] provides one of the most 
elegant solutions to the strong CP problem, in that it forces 6, determined to be 
< 10 -9 , to vanish identically (barring negligible corrections from the electroweak 
sector). In practice, owing to constraints based on laboratory and astrophysical 
observations, the implementation of this idea requires a light invisible axion[2]. 
This in turn necessitates the scale of PQ symmetry breaking f a to be rather high: 
10 10 GeV < f a < 10 12 GeV[3]. 

There have been many suggestions in this regard, but invariably extra fields 
and/or the scale of PQ symmetry breaking have to be postulated from the be- 
ginning just to implement this idea[4]. For example, the idea of the composite 
axion, suggested by Kim [5,6], introduces new fermions together with a new axi- 
color force which seem to play no other role except implementing PQ symmetry 
and the invisible axion. 

The purpose of this note is to point out that a composite invisible axion of the 
type envisaged in ref.[5,6] can naturally occur in the SUSY preon model[7] which 
has evolved over the last few years. The model exhibits several attractive features 
including an understanding of the origins of (i) diverse mass scales [7], (ii) protec- 
tion of the masses of composite quarks and leptons compared to the scale of com- 
positeness[8], (iii) family- replication [9] and (iv) inter-family mass-hierarchy [10]. 
The model also shows the possibility of a unification of forces at the level of pre- 
ons near the Planck scale [11] and makes many testable predictions[12]. As we will 
show, the Peccei-Quinn symmetry emerges as an automatic feature of the model, 
stemming simply from the requirement of minimality in field content and inter- 
actions on which the model is built. This amounts to retaining only those terms 
in the lagrangian which have purely a gauge origin and no others. The fermions 
which make the composite invisible axion are the preons, which also make quarks, 
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leptons and Higgs bosons. In other words, they do not have to be postulated just 
to introduce the PQ symmetry. Furthermore, the PQ symmetry breaking scale 
is naturally identified in the model with the scale Am of the preonic metacolor 
force, which represents the scale of compositeness. For several independent rea- 
sons, including (a) the observed mass of m^/[7] (b) the desired unity of forces [11] 
and (c) a desirable pattern for the neutrino masses[13], Am is determined within 
the model to lie around 10 11 GeV, which is precisely within the allowed range of 



2. To see the origin of the PQ symmetry and that of the invisible axion in the 
model, we need to present some of its salient features. The model[7] assumes that 
the effective lagrangian just below the Planck scale possesses N = 1 local super- 
symmetry and a gauge symmetry of the form Gm x Gfc- Here Gm = SU (N)m (or 
SO(N)m) generates an asymptotically free metacolor gauge force which becomes 
strong at A M ~ 10 11 GeV and binds preons. Gf c denotes the flavor-color gauge 
symmetry, which is assumed to be either £ 2 24 = SU(2) L x SU(2) R x SU (4) c [14], 
or a subgroup of £224 containing SU(2) L x U(l)yx SU(3) C . The gauge symmetry 
Gm x Gf c operates on a set of six positive and six negative massless chiral preonic 
superfields <E>± <J = (<p, tp, F)"^^ each belonging to the fundamental representation 
N of SU(N)m- Thus "a" runs over six values: (x,y); (r,y,b,£), where (x,y) 
denote the two basic flavor-attributes (it, d) and (r, y, 6, t) the four basic color- 
attributes of a quark-lepton family [14]. The index a runs over metacolor quantum 
numbers. The representation content of the preonic superfields under the gauge 
symmetry is shown below: 
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Here / stands for two preonic flavors = (-u, <i), while c denotes four colors (r, y, b, 
and £) . Note that there is no repetition of any entity at the preon level. 

To be specific, we will assume that, just below the Planck scale, the gauge 
symmetry is G gauge = SU(6)m x Gfc where Gf c = G224, although our conclusion 
will not alter if Gf c is a subgroup of Q{2, 2,4) containing the standard model[15]. 

In the interest of minimizing or removing all arbitrary parameters, the preon 
model [7] adheres to a principle of minimality, which proposes that the field content 
must be minimal, with no repetition of preonic entities, and so also must be the 
interactions. Such a principle requires that the lagrangian should possess only 
those terms which are dictated by the gauge-covariant derivatives and no others. 
This in particular permits no non-gauge mass, Yukawa and quartic couplings, 
which incidentally have been the main source of arbitrariness in the conventional 
approach to unification, based on fundamental Higgs bosons, quarks and leptons. 
By contrast, the preon model introduces no more than a few gauge couplings (e.g. 
aiM) ot2 and a±, defined near the Planck scale) as its only parameters. (Even these 
few gauge couplings would merge into one, if there is an underlying unity of forces 
at the preon-level, near the Planck scale [11]). Yet, it has been shown to be viable 
and capable of addressing some major issues[7-ll]. 

The lagrangian of the preon model [7], restricted by such a principle, consists 
only of the minimal gauge interactions and possesses N = 1 local SUSY. In other 
words, it has no F-term. Given six preonic attributes it is easy to verify that 
in the absence of the flavor-color gauge interactions (generated by G224), such a 
lagrangian would possess a global symmetry SU(6)l x SU(6)r x U(l)y x U(l)x, 
while in their presence the global and local symmetry of the model, ignoring color 
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anomaly for a moment, is given by: 

G P =[U(1) V x U(l) x x U(1) Tl x U(l) TR ] (global) 

(1) 

x [SU(6) M x SU(2) L x SU(2) R x ^(4) c ] (Zoca;) 

C/(l) v and £7(l)x denote the preon- number and the non-anomalous R-symmetry 
respectively [16], which in our case assign the following charges to the preons: 

QvK a R ) = l; Qx(^ R ) = 

Qx(*t a) ) = -Qx(* { n' a) ) = -QxW = 1 (2) 

(Here the superspace Grassmann coordinate has N x = 1.) T LyR have the following 
representations in the space of (r, y, 6, /, u, d): 

T L , i? = diag.(l,l,l,l,-2,-2) L , i? . (3) 

It is useful to combine the four global C/(l)'s listed in (1) as follows: 



(4) 



T+=T L + T R] Q v 

Q- = Qx-(T L -T R ); Q+=Q x + (T l -T r ) . 

Of the four global U(l)'s, only Q± are chiral, among these only Q + has a nonzero 
SU (3) -color anomaly and thus it is the one which serves as the Peccei-Quinn charge. 

We stress that the existence of the four global U(l) symmetries including 
U{l)xi and thus of the PQ symmetry Q+, is a natural feature of the model, in the 
sense that they emerge simply from the assumption of minimality in field content 
and interactions [17]. We now discuss spontaneous breaking of some or all of these 
symmetries. 

3. Symmetry Breaking : It is assumed that as the asymptotically free meta- 
color force becomes strong at a scale Am ~ 10 11 GeV ', (a) it confines preons to 
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make composite quarks and leptons, and (b) it forms a few SUSY-preserving and 
also SUSY-breaking condensates, all of which preserve metacolor. The latter in- 
clude the metagaugino pair < A. A > and the preonic fermion-pairs < ip a ip a >, 
both of which break SUSY in a massless preon theory. Noting that in the model 
under consideration, a dynamical breaking of SUSY would be forbidden owing to 
the Witten-index theorem[18], it has been argued[8] that each of these fermionic 
condensates, which do break SUSY, must be damped by (A M /M P i), so that each 
would vanish in the absence of gravity (i.e., as Mpi — > oo). We thus expect [8,7]: 

< >= a ^ a A 3 M (A M /Mpi); < A. A >= a x A 3 M (A M /M P i) (5) 

where a^ a and a\ are apriori expected to be of order unity. These induce SUSY- 
breaking mass-splittings 5ms ~ Am(Am /Mn) ~ 1 TeV. In addition, < ip a ip a >- 
condensates break SU(2) x £7(1) for a = (x,y) and give masses to W and Z of 
order (1/10)Am(Am/Mp/) ~ 100 GeV ', as well as to quarks and leptons which are 
< 100 Gey [7,10]. 

The SUSY-preserving condensates have no reason to be suppressed. They are 
thus expected to be of order Am ~ 10 11 GeV. Although, in principle, the pattern 
of condensates which form, should be derivable from the underlying preonic theory, 
in practice, one is far from being able to do so. This is because of our inexperience 
in dealing with the non-perturbative dynamics of SUSY QCD (leaving aside, of 
course, some general results like the index theorem[18]). The preonic idea seems 
most attractive and thus worth pursuing, nevertheless, because of its utmost econ- 
omy in parameters. With this in view, we proceed by making a broad dynamical 
assumption which is this: (a) SUSY QCD (with = m£ = 0), unrestricted by 
the constraints of the Vafa-Witten theorem[19], permits a dynamical breaking of 
parity and vectorial symmetries like "isospin" (SU(2)l + r), baryon and/or lepton 
numbers; (b) A suitable set of metacolor-singlet, SUSY- preserving, condensates 
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form, which break the gauge symmetry SU(2)l x SU(2)r x SU(4) c into the stan- 
dard model symmetry SU(2) L x U(l)y x SU(3) C , and simultaneously also all or 
at least a major subset of the global U(l)'s listed in (1), at the scale Am [20]. To 
be specific, it is assumed that the SUSY-preserving metacolor singlet condensates 
(written in a schematic notation) include: 

<A R >=< rR^t^Uta >~ (M*, io c ) 

< s R > =< ^^t^tJta >~ (i,3«, io c ) 

(6) 

< 6 > =< ^fhi^RpR***R*R*R >~ C 1 . !» 1C ) 

< 6 > =< e a ^s P ^7K^R^ U L^L >~ (1, 1, l c ) • 

The transformation property of the full- mult iplet, containing the condensate, un- 
der SU(2)l x SU(2)r x SU(4) C is exhibited on the right. Antisymmetrisation on 
the 5 , L r (3) c -indices is to be understood. While the formation of these condensates 
is a dynamical assumption of the model[20], it may be noted that each of these 
condensates is at least in a highly attractive channel. For example, A* involves 

(^Adjoint (^Adjoint and S R involves ((f"f>*) Adjoint (<f><f>*) Adjoint combinations. 
Unlike < ipip > and < A A >, these condensates can form, while preserving 
SUSY. Their quantum numbers are listed below: 
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It is then easy to see that the condensates of eq. (6) break the symmetry 
group G (see eq. (1)) down to 

SU(2) L x U(1) Y x SU(3) C x [U(l) H ] global , (8) 

where Y = Isr + (B — L)/2 is the weak hypercharge and the charge for U(1)h, i n 
the space of the preon-flavors (r, y, 6, /, u, d) l,r, is given by 
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Q H = T L + T R -3(B-L) 

(9) 

= diag.(2,2,2,-2,-2,-2) L)jR 
The charge Qh is vectorial and acts effectively as baryon number, because 

Q H (quarks ~ t/» u ^) = -4; (^(leptons ^ ip u (pf) = . (10) 

If Qh is preserved, proton will be stable. It is possible that Qh breaks through 
additional condensates so as to induce proton decay (see remarks later). Even 
without such condensates, Qh breaks through 5 , t/"(2) I/ -anomaly, however the pro- 
ton decay induced by 5't/"(2) i -instantons would be too slow to be observable, as 
observed by 't Hooft[21]. 

4. Supermultiplets of axion and other Goldstone bosons: 

As mentioned above, of the four global £7(1) symmetries listed in (4), only 
the combination Qh = Tl + Tr — 3(B — L) is preserved, while the remaining three 
-i.e., Qv, Q- and Q + - are broken spontaneously at A M by the condensates listed 
in (6) . Such a breaking thus generates three physical Goldstone bosons each with 
a decay constant of the order of Am- 

Of the three spontaneously broken global f7(l)'s, Qv and Q- are broken 
explicitly by SU(2)l anomaly, while Q + is broken by both QCD and SU(2)l 
anomalies. Thus Q+ can be identified as a PQ symmetry. Its existence provides 
the familiar resolution of the strong-CP problem[l], and its spontaneous breaking 
at Am generates the standard invisible axion (see below). 

We now observe that although Qv and Qh are broken explicitly by SU(2)l 
anomalies, the linear combination Q' v = (2Qy + Qh) = diag.{A, 4, 4, 0, 0, 0) l,r is 
free from anomalies. We therefore expect that there will be one exactly massless 
Goldstone boson associated with the spontaneous breaking of Q' v . For this reason, 
we will discuss the Goldstone boson spectrum in terms of Q +7 Q- and Q' v . 
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We denote the Goldstone bosons corresponding to spontaneous breaking of 
Q- and Q' v by a + , a_ and ay respectively, which are named as follows: 

(Q + , Q'y) — > {axion(a + ), chion(a_), vion(ay)} (11) 

Let denote these three Goldstone bosons. At energy scales well below Am, 
the effective interactions of 4>i can be written as 

+ -^^( Cl GG + d,WW), (12) 
Am I67H A M 

where J? denotes the appropriate current mode of generic composite fields, e.g. 

quarks and leptons, with masses far below A M , G and W are the gluon and W- 

boson field strengths respectively, and G and W are their duals. The coefficients 

ci and di are in general of order unity, except for Q' v , for which c = d = 0. 

The axion coupling to QCD anomaly generates an axion mass 
m-a ~ /tt^tt/Am ~ 10 -4 eV, with Am ~ 10 11 GeV. This is the invisible axion, 
which is a leading candidate for cold dark matter. As is well known, for A M ~ 
10 11 GeV, axions and other Goldstone bosons, with the coupling of eq. (12) 
are consistent with all phenomenological constraints including those arising from 
astrophysical and cosmo logical arguments. 

As for the other two Goldstone bosons - chion (a_) and vion {ay) - SU{2)l- 
instantons induce a mass for a_, but not for ay, since Q' v has no SU (2) l anomaly. 
Suppressed by the SU(2) ^-instanton factor and also the small neutrino masses, the 
mass of a_ is expected to be lighter than (vew I ' ^mY^^ew)^^ ~ 10~ 34 eV. 
If it exists, chion may well be the lightest massive particle of nature. Because of 
its coupling to WW (see eq. (12)), it would decay into two photons with a lifetime 
far exceeding the age of the universe. The vion, on the other hand, is exactly 
massless and stable. Such ultralight and very weakly interacting objects would, of 
course, have no cosmological significance, unlike the axion. 
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Because of supersymmetry, the Goldstone bosons (o^), i = +,—,V will be 
accompanied by spin-1/2 partners di and real spin-0 scalar partners Sj, which 
form the Goldstone supermultiplets: = (sj + za^a^Fj). These superpartners 
corresponding to i = +, — , V may be named as: (saxion (s+), axino (5+)); (schion 
(s_), chino (a_)); and (svion (sy), vino (ov)). 

The couplings of Sj and di may be obtained from the supersymmetrized form 
of (12) which is given by 

^-[{A + A)Z J Z J ] D + -L[ -p-( Ci W G W G + diW w W w )] F + h.c. (13) 
A M 1d7t z A m 

Here Zj = (zj,Xj,Fj) denote composite chiral matter superfields including those 
of quarks and leptons whose possible gauge interactions are ignored here, Wq 
and Ww are the gauge-covariant chiral gauge superfields for SU(3) C and SU(2)l 
respectively, and the subscripts F and D stand for the F and D-components 
of superfields. The coefficients kij would depend upon the details of metacolor 
dynamics, but are expected to be of order unity in general since they are not 
forbidden by any of the unbroken symmetries. 

Clearly the low energy couplings of all three pairs of superpartners - i.e., 
(axino, saxion), (chino, schion) and (vino, svion) - to normal matter are suppressed 
by 1/ A M as those of the axion. Although these superpartners will not lead to any 
significant consequences for accelerator experiments, since Am ~ 10 11 GeV, they 
may play some role in cosmology. In the SUSY preon model, it is expected that 
each of these superpartners have masses of 10 2 - 10 3 GeV, which is the effective 
SUSY-breaking scale. Then the effective interactions of eq. (13), which would 
allow coupling of the form di — > W 1 / 2 W and Sj — > W + W~, would provide a 
variety of decay channels of these pairs: e.g. di — > ZjXj^'J, and Sj — > XjXjilli 
and possibly also di — > WWi/ 2 and Sj — > WW (if di and Sj are massive enough). 
The possible decay modes and the corresponding life times r(di, Si) depend on 
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the details of the mass spectrum and also the mixings among involved particles. 
With their masses around 10 2 ~ 10 3 GeV (and A M ~ 10 11 GeV), we estimate 
that r(oj, Si) <C 1 sec. This is cosmologically safe. 

It is worth noting that the effective coupling of the light Goldstone bosons with 
the SU (2) l gauge bosons, induced by anomaly, would in turn lead to their cou- 
plings with fermion-pairs, whose strengths would be of order o%to//Am; where 
to/ is the mass of the relevant fermion. Since the energy loss in red giants puts 
a constraint on the coupling of any such light particle to ee pair to be less than 
10~ 13 [3], it follows that Am > 10 6 GeV. This, of course, is satisfied in the preon 
model, since A M ~ 10 11 GeV. 

Before closing, a few comments are in order: (1) First, we have checked that 
our scheme of spontaneous symmetry breaking yields three disconnected degen- 
erate vacua, and thus results in domain walls. One would then need inflation to 
resolve the domain wall problem. Inflation is, of course, needed in any model to 
resolve other cosmological issues, in particular the horizon and the flatness prob- 
lems. The possibility of generating a satisfactory potential for implementing the 
"new" inflation scenario in a SUSY preon model, because of SUSY-forbiddenness 
of certain mass and coupling parameters, has been considered elsewhere [22]. 

(2) Although the discussions in this paper are based on a specific set of con- 
densates (eq. (6)), our conclusion about the existence of an invisible axion is more 
general. In fact, any alternative set of condensates which breaks the preonic sym- 
metry Gp to the standard model gauge symmetry at Am will automatically yield 
the standard invisible axion. This is because Am is determined within the model 
on other grounds to be about 10 11 GeV. 

(3) Third, we note in passing that the condensate pattern listed in (6) violates 
lepton number and gives a Majorana mass to the right-handed neutrinos, but it 
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conserves Qh and thus leaves proton stable. Baryon non-conservation and proton 
decay would, however, occur at an observable rate if two additional condensates 

such as < E > oc < V'iV'iV'K'^flV'LV'i > an(1 < C > ^ < 'Pl'P^'Pl'Pl^l'Pl >> 
which preserve SU(6)m and SU(2) L x SU(2) R x SU(A) C , form. One can argue 
that < E > breaks SUSY while < C > preserves SUSY. Thus, following Ref. 8, 
one would expect that < E >~ Am (Am /Mp{) and < ( >~ Am- This leads to 
an amplitude for (3g -> I) of order (A M /M PZ )/A M ~ 10 -8 x 1(T 22 GeV~ 2 ~ 
10~ 30 GeV~ 2 . Remarkably enough, this is precisely the right order of magnitude 
for proton to decay into e + n° with lifetime ~ 10 32 — 10 33 yrs. This point will be 
considered in more detail elsewhere. 

To conclude, we see that the preon model, subject to the assumption of min- 
imality in field content and interactions automatically possesses a PQ symmetry. 
Subject to a broad dynamical assumption about the pattern of symmetry break- 
ing, it leads naturally to an invisible axion because the symmetry breaking scale 
Am is determined on other grounds to be about 10 11 GeV . The model also gener- 
ates one massless and one superlight Goldstone boson with mass < 10~ 34 eV as 
well as the spin-0 and spin- 1/2 superpartners of all three Goldstone bosons with 
masses of the order of 10 2 — 10 3 GeV. All of these particles are cosmologically safe, 
either because they are superlight and very weakly coupled or because they are 
sufficiently short-lived. Meanwhile the axion serves as a strong candidate for cold 
dark matter. 
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